Elite sporting performance results from the combination of innumerable factors, which interact with one another in a poorly understood but complex manner to mould a talented athlete into a champion. Within the fi eld of sports science, elite performance is understood to be the result of both training and genetic factors. However, the extent to which champions are born or made is a question that remains one of considerable interest, since it has implications for talent identifi cation and management, as well as for how sporting federations allocate scarce resources towards the optimisation of high-performance programmes. The present review describes the contributions made by deliberate practice and genetic factors to the attainment of a high level of sporting performance. The authors conclude that although deliberate training and other environmental factors are critical for elite performance, they cannot by themselves produce an elite athlete. Rather, individual performance thresholds are determined by our genetic make-up, and training can be defi ned as the process by which genetic potential is realised. Although the specifi c details are currently unknown, the current scientifi c literature clearly indicates that both nurture and nature are involved in determining elite athletic performance. In conclusion, elite sporting performance is the result of the interaction between genetic and training factors, with the result that both talent identifi cation and management systems to facilitate optimal training are crucial to sporting success.
INTRODUCTION
Considerable research exists on the roles played by both genetic factors and training in determining elite sporting performance. The dismissal of either genetic or training factors to performance is anathema in sports science, since considerable evidence exists to distinguish elite athletes from less well-performing athletes with respect to both genetic factors and training histories. However, the polarisation of this debate has recently become prominent in the popular literature, with at least three books devoted to advocating the theory that it is deliberate training, and not genetics, that produces champions.
The 'born versus bred' question dates back to the 1800s, and the theory of Sir Francis Galton which posited that mental capacities are limited by hereditary factors (Galton 1869, quoted in 1 ). The Galtonian model proposed that practice and training would lead to improvements in performance, but that a ceiling existed for each person, infl uenced by heritable characteristics. 1 In contrast, Ericsson and others [1] [2] [3] have suggested that performance is constrained not by genetic or innate factors, but by engagement in deliberate practice and training during optimal periods of development. According to this model, practice is both necessary and suffi cient for the attainment of deliberate performance, and is effective because it 'selectively activates dormant genes that are contained within all healthy individuals' DNA'. 1 Ericsson has however, neither produced any evidence of which genes these may be, nor has he established that training activates genes to the same extent when comparing individuals. Rather, his model is based on studies using retrospective questionnaires of training history, in skill-based activities including darts and violin playing, and overlooks a body of scientifi c literature which strongly disproves his model. 1 4 Within the sports sciences, elite performance is understood to be the result of both training and genetic factors, as illustrated by models such as those proposed by Vaeyens et al 5 and Schneider. 6 However, whether champions are born or made is a question that remains of considerable interest in the exercise sciences, since it has implications for talent identifi cation and management, as well as for how sporting federations allocate scarce resources towards the optimisation of high-performance programmes.
The present review aims to describe the contributions made by deliberate practice and genetic factors to the development of elite performance. We recognise that considering genetic and practice effects in isolation is unlikely to yield a satisfactory answer to a complex question. However, in order to develop a systematic understanding of the interaction between inherited and trainingrelated factors, we separately evaluate the two opposing theories for performance, beginning with the model of deliberate practice, followed by a brief review of the key genetic factors that inform our understanding of elite sporting performance.
THE DELIBERATE PRACTICE MODEL FOR EXPERT PERFORMANCE
The model for deliberate practice, as proposed by Ericsson et al, 1 2 holds that 'the distinctive characteristics of exceptional performers are the result of adaptations to extended and intense practice activities that selectively activate dormant genes that are contained within all healthy individuals' DNA'. 1 Central to this theory is that elite performance is achievable for any individual, and is constrained primarily by the 'engagement in deliberate practice and the quality of the available training resources'. 1 Ericsson has further developed this model to propose that a specifi c volume of 10 000 h of training must be accumulated over a period of approximately 10 years of structured training and involvement in an activity in order to achieve expert levels. 4 7 The seminal study that led to the development of the deliberate practice framework and the 10 000 h concept was conducted on violinists in Berlin, where it was found that the subjectively judged skill level of the violinists was associated with accumulated training time during the fi rst 20 years of their lives. 2 4 That is, the best expert performers had accumulated just over 10 000 h by the age of 20. In contrast, those violinists judged to be good or average had accumulated only approximately 7800 and 4600 h, respectively. Ericsson concluded that there was 'complete correspondence between the skill level of the group and their average accumulation of practice time alone with the violin'. 2 Crucially, however, Ericsson presented no measures of variance in the results in this study. 2 That is, no SD or ranges were provided, and as such, it is unclear whether the association between training and performance applies to every individual. It must be emphasised that individual variation within groups is of crucial signifi cance. An individual who is able to achieve best expert levels can, according to this model, do so only if they engage in suffi cient deliberate practice. Similarly, the theory predicts that an individual who fails to attain expert levels must fail because they have not accumulated the required training time. Any individual who violates either of these conditions, either by achieving best expertise with less time or by failing to achieve expert levels despite exceeding the training volume of peers, call into question the theory that posits that performance is the result of selective activation of DNA possessed by all individuals.
As such, studies of sporting performance that have examined variability are of considerable value. The Gronigen talent studies on soccer, hockey, basketball, tennis and gymnastics have clearly shown that talent identifi cation requires an individualised approach, since individual development curves differ so signifi cantly from one another. [7] [8] [9] This is further shown in studies of chess performance. 10 In one study, accumulated training time to reach master level in a group of 104 chess players was 11 053±5538 h (mean±SD), in close agreement with the average time in the violin study. 2 10 However, enormous differences existed between individuals, as indicated by the SD and coeffi cient of variation (50%). The fastest player to reach master level had done so after only 3016 h, while another had taken 23 608 h. Other players in the sample had failed to achieve master level despite accumulating over 25 000 h of practice. Variables including practice time could account for only 34% of the variance in performance rating, and it was concluded that practice, while important for performance, was not suffi cient for becoming a master.
Similarly, darts performance has been found to be poorly related to deliberate practice time, with only 28% of the variance in performance explained by accumulated practice time despite the accumulation of 12 839 h of practice over 15 years. 3 It must be noted that there is scope for disputing the large ranges of practice on the basis that a given hour of practice is not necessarily equal. Ericsson has spoken of and defi ned 'deliberate practice' as 'practice activities with full concentration on improving some specifi c aspect of performance'. 1 For sport in particular, the wide scope of training activities may not be easily quantifi able, and there will be dispute over whether an hour of practice on one aspect of performance (for example, strength training) is as effective as another (tactical or skill training), or whether the individual is using 'full concentration' during practice. However, it must also be noted that this theory, in its current form, is unfalsifi able, since the quality of practice can always be questioned to explain why the quantity of practice does not conform to some requisite number, in this case, 10 000 h. However, the chess and darts studies clearly reveal a large range of required hours, and sports examples discussed subsequently show the role of genetic factors in moderating both the response to training and the ultimate performance level reached.
These studies of skill-based activities challenge the theory that performance is constrained by accumulated hours of deliberate practice. Studies of sport reveal that elite athletes rarely complete 10 000 h before reaching international levels. 11 12 For example, 28% of elite Australian athletes reached elite status within 4 years of taking up the sport for the very fi rst time, 13 while international level wrestlers, fi eld hockey players and footballers had accumulated only 6000 h, 4000 h and 5000 h of training, respectively. 14 15 A systematic approach to talent identifi cation and training has also been able to produce a world-class skeleton athlete within 10 weeks of fi rst exposure to the sport. 16 Athletes were chosen based on sprint performance, anthropometrical characteristics and power, which favoured individuals with prior training in other sports. A period of training followed, and athletes were able to achieve top six rankings in international competition and Olympic participation within 14 months, 'leap-frogging' more experienced competitors. 16 It was concluded that talent transfer, based on innate abilities and ability developed through playing other sports, can be used to accelerate the acquisition of expert performance into very short time frames, which explains why elite athletes often perform signifi cantly less than 10 000 h of deliberate practice. 13 16 Also of note is the fi nding that the best performing young footballers who will go on to play the sport professionally display superior dribbling skills, endurance capacity and tactical awareness compared to their peers, from as early as 14 years of age. 9 17 These differences appear well before it is possible to accumulate 10 000 h of practice, but allow predictions of which players will go on to achieve best performances in adulthood, suggesting that the effectiveness of and response to training, rather than simply training, determines success. The factors responsible for differences in training adaptability are not known, but genetic factors seem likely, as will be described subsequently.
It is clear that the theory that expert level performance is the result of deliberate practice alone fails to account for the wide range of individual performance levels and responses to training observed in sport and skill-based activities like chess and darts. Indeed, the fi nding that only 34% and 28% of the variance in performance can be explained by practice in chess and darts, respectively, should be suffi cient to discard any theory that hypothesises that performance is 'primarily constrained' by an individual's engagement in deliberate practice 1 -this is clearly not the case, and other factors, which have not been elucidated in those studies, 3 10 must also infl uence performance.
In conclusion, the deliberate practice model for performance has contributed to our understanding that skill and certain aspects of physiological performance can be signifi cantly improved as a result of deliberate practice. However, this model has failed to demonstrate that expert performance levels are achievable for any and every individual, since large individual differences in performances achieved through training have been documented. This invites discussion of the possibility that genetic differences between individuals are also crucial to sporting performance.
THE GENETIC INFLUENCE ON PERFORMANCE
At the biological level, numerous physiological and biochemical systems and pathways must interact and function optimally to enable elite performances. These include physiological and biochemical processes within the musculoskeletal, cardiovascular, central nervous and respiratory systems. The optimal biological characteristics are sport-specifi c -the advantageous properties of skeletal muscle are very different for an endurance athlete compared with a sprint or power athlete, for example. When considered individually, each biological system is in its own right complex, consisting of different cell types, proteins and other macromolecules. Multiple protein-coding and non-coding genes located throughout the entire human genome determine the genetic blueprint for each individual biological system. With these layers of complexity from the whole body right down to the genetic material in each cell, it is highly unlikely that a single or even a few genetic elements are associated with superior athletic performance.
It is therefore incorrect to cite the failure to discover a candidate gene that can be conclusively linked to performance 18 19 as evidence that genetics play only a minimal, or even no role, in the attainment of elite performance. Although few would dispute that practice and training resources are crucial to the attainment of a higher level of performance, it is generally accepted by the scientifi c community that both environmental and genetic factors determine an individual's athletic ability. 5 20 21 
GENETIC COMPLEXITY AND GENETIC DETERMINANTS OF PERFORMANCE
Elite performance is a polygenic trait. 22 The genes that have been associated with performance or performance-related phenotypes to date have been extensively reviewed. 22 Generally speaking, different sets of genetic sequence variants have been associated with endurance performance and sprint/power events. Although, investigators have primarily investigated the association of common variants with performance, the role of rare and other DNA variants, such as copy-number variants (CNV), also need to be considered when investigating performance or performance-related phenotypes. 23 The role of rare and CNV in determining athletic performance is however beyond the scope of this review.
Rather than merely listing and describing specifi c genes that have been associated with performance and performancerelated traits, we will discuss the current knowledge of the role that genes play in determining four of the many intrinsic traits known to contributes to elite performance phenotypes. These are sex, height, skeletal muscle properties and VO 2 max (fi gure 1). As mentioned, not all of these traits necessarily affect performance in all sporting codes or to the same extent, but they illustrate the complexity of genetic factors on single phenotypic traits, and thus on the complexity of exercise performance.
Sex
While inherently obvious, biological sex is a key predictor of absolute levels of performance, and is the most fundamental biological characteristic where genes infl uence performance. An analysis of world record performances in the track and road running events, ranging from the 100 m to a 90 km ultramarathon, highlights that the best males out perform the best females by between 9% and 14%. 24 The current women's marathon world best time, for example, lies outside the top 3000 performances in the marathon's history. 24 Sex therefore plays a signifi cant role in determining elite performance and is the reason that athletes compete in separate male and female categories for most sporting codes. Sex is determined entirely genetically during development, and unless an athlete presents with one of the rare disorders of sex development, 25 there is no difference between genetic and anatomical sex (fi gure 1). Although several genes are probably involved in sex development and more specifi cally involved in ovarian development, the SRY, SOX9 and DHTR genes are the best understood genes involved in the development of the male phenotype. 25 26 
Height
Unlike sex, height is determined by both genetic and environmental factors such as nutrition, and is the result of several growth and developmental processes (fi gure 1). Numerous studies report that height is highly heritable with 80% of its variance controlled by multiple genes (polygenic). 27 28 The infl uence of height on performance is of course sport specifi c -it is a prerequisite for success in sports such as volleyball, basketball and netball, whereas large body size and stature may be deleterious for endurance running, for example. It has however been documented that athletes in many sports have been getting taller, heavier and more slender over time, even when corrected for changes in height and size within the general population. 29 Some talent identifi cation programmes, such as the UK's Tall and Talented programme, adopt height as an initial screening variable for prospective Olympic athletes (http://www.uksport. gov.uk/pages/talent-2016-tall-and-talented/; accessed on 23 August 2011). A discussion of the genetic determinants of height is thus relevant, for it illustrates (a) the genetic complexity of a relatively simple phenotype like height, further highlighting the complexity of identifying a performance gene, and (b) how genetic factors may predispose an individual for success or mitigate against it based on their stature.
Meta-analysis of genome-wide association studies (GWAS) has identifi ed 47 common genetic variants, which only explain 5% of height in Caucasians. 28 Recently, Yang et al 30 estimated that approximately 295 000 common single nucleotide polymorphisms (SNPs) explained 45% of the variance in height within 3925 unrelated individuals using linear model analysis. They also suggested that the remaining 35% of the variance determined by genetics could be explained by the incomplete linkage disequilibrium between the causal variants and the genotyped SNPs. Rare genetic variants may however also account for a signifi cant fraction of the 'missing heritability' in height. The implication of this fi nding is that height, a relatively easily measurable trait, is the outcome of small contributions of thousands of sequence variants within genes involved in the growth and developmental processes, which ultimately determine height. Signifi cantly, athletic performance is undoubtedly more complex than height, and if such a large population and almost 300 000 SNPs are able to account for only 45% of the variance in height, then the concept that a single gene, or even a few thousand genes, can explain athletic performance is grossly oversimplifi ed and may ultimately be futile.
VO 2 max
Recently, Ericsson 1 challenged the contribution made by genetic factors to the attainment of elite athletic performance by specifi cally focusing on VO 2 max and muscle-fi bre type heritability, and concluded that neither is a good trait that may group.bmj.com on June 21, 2017 -Published by http://bjsm.bmj.com/ Downloaded from be 'constrained by heredity'. However, this conclusion 1 fails to acknowledge a vast body of research that has established relationships between genetic factors and these two exerciserelated phenotypes.
For example, studies in which a large cross-section of individuals has been exposed to a standardised training program have found large individual differences in VO 2 max. Collectively, the Heritage studies, 31 32 the Dose Response to Exercise in Women (DREW) study 33 and SSTRIDE studies 34 have found an average training-induced improvement in VO 2 max of 15.2±9.7%, but the interindividual differences are signifi cant. For example, approximately one in seven individuals (14%) improved VO 2 max by less than 200 ml/min (less than 8% improvement compared to baseline). In contrast, 8% of the population improved by more than 700 ml/min (a 28% improvement). 31 Both genetic and environmental factors have been reported to determine the VO 2 max in the untrained state and in response to training. Approximately 50% of these two VO 2 max traits are heritable. 35 Genomic scans have identifi ed markers on chromosomes 4, 8, 11 and 14 that are linked to VO 2 max in the untrained state, while a different set of markers on chromosomes 1, 2, 4, 6 and 11 were linked to VO 2 max trainability. 35 Using GWAS with a panel of±325 000 SNPs, 21 of the SNPs were found to account for 49% of the trainability in VO 2 max (fi gure 1). One of the SNPs located within the acyl-coenzyme synthase long chain number 1 gene accounted (albeit mathematically) for 6% of the training response. 31 Signifi cantly, individuals who carried nine or fewer of the previously mentioned 21 SNPs were found to have improved by less than 221 ml/min, whereas individuals who carried 19 or more of these alleles had improved by an average of 604
Figure 1
The complex relationship between intrinsic (nature and nurture) and extrinsic factors (nurture) that determine elite athletic performance. Only the four intrinsic factors described in this review are identifi ed as rectangular bars on the left of the fi gure. The fi fth bar labelled as other traits represents the numerous other intrinsic factors, which contribute to determining elite performance, not described in this review. Many of the intrinsic factors are within their own right complex phenotypes determined by both nature (white shading) and nurture (black shading). Sex (male) differentiation is totally controlled by genes such as SRY, SOX9 and DHTR and is represented entirely by white shading. Height and VO 2 max trainability are determined by both genes (relative contribution is in white shading) and the environment, as indicated by black shading. The number of SNPs, which contributes together with the relative contribution towards the trait is indicated. Six percent of VO 2 max trainability appears to be determined by a single gene, the ASSL1 gene. The large range within the literature indicating the genetic and environmental contributions to skeletal muscle traits is indicated by the grey shading transition from the white (genetic contribution) to black (environment contribution) shading. The correct combination of intrinsic factors will determine an inherently talented athlete. Inherently talented athletes must be exposed to the correct combination of the listed and other extrinsic factors to become an elite athlete. Winning an elite athletic event produces a champion. Exposure of athletes to extrinsic factors can result in injury, illness or burnout. Musculoskeletal soft tissue injuries for example are also complex phenotypes determined by both genetic and environmental factors. 40 ml/min. 31 Clearly, the presence of certain SNPs has a strong infl uence on the response to training, which contradicts the conclusion made by Ericsson, 1 and suggests a very powerful role for genes in performance.
Skeletal muscle
Skeletal muscle is a highly adaptable tissue responding positively to exercise but negatively to ageing, disuse and disease. 36 Skeletal muscle can be characterised by several traits. For the purposes of this review, these traits will be divided into (1) muscle mass and strength and (2) muscle power and metabolism. Although a large range, from 15 to over 90%, has been reported, all studies have shown that muscle mass and strength has a heritable component (fi gure 1). 36 Less data is available for the heritability of muscle anaerobic power, which ranges from 46% to 84%. Although heritability values of nearly 50% have been documented, it has also been reported that the environment plays the predominant role in the aerobic capacity of skeletal muscle. 36 
CONCLUSIONS
Given the enormous complexity of genotype-phenotype relationships and the complexity of the human genome, it is perhaps not surprising that a candidate gene approach has not been able to successfully identify all the genetic variants associated with performance. Considering that approximately 295 000 SNPs explain only 45% of the variance in height, 30 it is clear that performance, arguably a far more complex variable than height, may require enormous sample sizes and a staggeringly large number of SNPs and other types of genetic polymorphisms before it becomes possible to fully understand and appreciate the contribution inheritance plays in elite performance. Although case-control genetic association studies have played an important role in starting to understand the specifi c details of the heritability of performance, the fi eld needs to move beyond this approach if it wants to unravel the complex interaction between genes and the environment in determining athleticism.
Although not a focus of this review, further complexity within genomics is found in the concept of epigenetics, which refers to heritable alterations in chromosome function or gene expression caused by mechanisms other than changes in DNA sequence. It has recently been reported that exercise causes epigenetic changes that lead to improved memory and coping mechanisms in response to stress within rats. 37 The potential role that epigenetic mechanisms may play in contributing to superior performance remains to be determined. In addition, although the focus of research on the genetics of performance and related phenotypes to date has been on the protein-coding genes, the likely role of non-protein genes such as miRNAs in contributing to performance phenotypes also needs to be investigated. 38
Figure 2
A theoretical illustration of the combined effects of nurture (black rectangles) and nature (grey rectangles) on the actual and potential sporting performance level of six injury free, healthy subelite and elite individuals (A to F). In this model, training is defi ned as the process by which genetic potential is realised. Two individuals (A and E) are not athletes or have not participated in the sport, while the remaining four individuals (B, C, D and F) actively train and participate in the sport. The initial performance level on fi rst exposure to the sport, and the current performance of the four athletes are indicated by black-white circles and white triangles, respectively. The asterisk indicates the maximum performance threshold of all individuals. There are interindividual differences between the actual (B, C, D and F) and potential (A and E) starting performances of the individuals, which are determined by both nature and nurture. There are also interindividual differences between the maximum performance thresholds of all six individuals, which are determined genetically. 21 There is not necessarily a tight positive correlation between the athlete's starting and maximum threshold performances. Dashed lines indicate the hypothetical elite performance threshold and current world record. Although athlete D would be considered elite, he or she has reached a maximum performance threshold through training, and further improvements are not possible. Athlete C is the current world record holder but retains the capacity for improvement (grey box) and the ability to further improve the world record. However elite athlete B, whose current performance level is lower than athlete C, also has the potential to break the current world record. Elite athlete B is also potentially a better athlete the current world record holder (athlete C).
SUMMARY
It is not presently possible to ascertain the exact relative contribution of either genes or training to elite sporting performance, and it must be recognised that it is likely that the relative importance of training may differ for different sports, such that in some sports, genetic factors may be more significant. However, in the present review, we have attempted to illustrate that within identifi ed biologically infl uenced variables such as VO 2 max and muscle function, there is considerable variation between individuals, in the initial performance capacity, and in the adaptations that occur in response to training. This variation is linked to genetic factors, down to the level of identifi ed SNPs, such that individuals with different genetic variants will display a phenotype favouring the attainment of elite performance.
Scientifi c data on other determinants of exercise performance, including metabolic effi ciency, fuel-oxidation rates, muscle-fi bre contractility, motor skill acquisition and even motivation for exercise 39 are currently limited, but it seems reasonable to suggest that these characteristics too will be infl uenced by genes and gene variants.
The essential role of practice and training has also been recognised in the present review. However, we suggest that the concept of a minimum volume of training required for expert performance, and in particular the concept of 10 000 h, is fl awed, based on the body of evidence suggesting that among individuals who have achieved similar performance levels (those in the elite group, for example), training times are rarely similar. Further, the concept of talent transfer suggests that a more broad view of training and practice may be required for certain sports, whereby specialised training in one domain is not required.
This does not negate the value of training, and so we propose a model where training is defi ned as the realisation of genetic potential. This is illustrated in fi gure 2, where six hypothetical cases are provided of individuals who either never participate in training for a particular sport (fi gure 2A, E), or who train in order to improve performance up to a performance threshold that is unique for each individual, and which is determined by an interaction between genes, training and the environment (fi gure 2B-D, F. See also fi gure 1). Crucially, individuals differ with respect to their starting performance level on fi rst exposure to the sport, and in their response to training, such that the fi nal performance level differs between individuals. This accounts for why similar practice volumes result in large performance differences, and for how elite sporting performance can be achieved with relatively low training volumes.
We also suggest that this model, where training maximises the likelihood of obtaining a performance level with a genetically controlled 'ceiling', accounts for the observed dominance of certain populations in specifi c sporting disciplines. However, future work is required to elucidate the biological processes that may be associated with these potential differences. In conclusion, elite sporting performance is the result of the interaction between genetic and training factors, with the result that both talent identifi cation and management systems to facilitate optimal training are crucial to sporting success. The traditional methods used by coaches for talent identifi cation should be used before any genetic testing, because performance is multifactorial and therefore there is always the possibility that the genetic profi le, no matter how detailed, may miss a crucial DNA variant or non-genetic factor that enhances performance.
